We studied the influences of sympathetic and cholinergic mechanisms on pial arteriolar responses dur ing cortical activation in the rat. Adult male Sprague Dawley rats were anesthetized with a-chloralose and ure thane and mechanically ventilated. Pial arterioles on the somatosensory cortex were visualized on a video monitor through a closed cranial window. Changes in arteriolar diameter induced by sciatic nerve stimulation (0.2 V, 5 Hz, 5 ms, for 20 s) were measured before and after (a) ipsilateral superior cervical ganglionectomy (n = 5), (b) intravenous (0. 5 mg/kg) administration and topical (10-5 M) application of atropine (n = 5), and (c) lesion of the Abbreviations used: GSPN, greater superficial petrosal nerve; ICP, intracranial pressure; NBM, nucleus basalis magnocellu laris; SNS, sciatic nerve stimulation.
We recently developed a model in the rat in which specific pial arterioles in the hindlimb sen sory cortex respond to contralateral sciatic nerve stimulation (SNS) . This experi mental paradigm allows examination of the cerebral microcirculation during cortical activation. In a pre vious study using this technique, we found that changes in adenosine availability altered the arteri olar response, supporting the hypothesis that ade nosine is involved in the regional metabolic regula tion ofCBF (Ko et al., 1990) . On the other hand, the pial vessels are known to be innervated by fibers arising in extracerebral sympathetic and para sympathetic fibers (Busija and Heistad, 1984; Ed- nucleus basalis magnocellularis (the major source of in tracerebral acetylcholine neurons, n = 7). Unilateral nu cleus basalis magnocellularis lesions were performed ste reotactically by injection of ibotenic acid (25 nmoli,J.J). Sensory cortex cholinergic denervation was confirmed histologically. These treatments had no significant effect on arteriolar responses to sciatic nerve stimulation. Thus, the present results suggest that neither sympathetic nor cholinergic mechanisms play a significant role in somato sensory evoked cerebral vasodilation. Key Words: Cra nial window-Sympathectomy-Atropine-Pial arteri oles-Nucleus basalis magnocellularis. vinsson, 1987) . Thus, a direct neurogenic compo nent in the vascular response must also be consid ered.
Vessels in the cerebral cortex are innervated by sympathetic fibers that arise primarily from the ip silateral superior cervical ganglion (Nielsen and Owman, 1967; Edvinsson et al., 1972; Mueller et al., 1977) . On the other hand, the origin of parasym pathetic-cholinergic cerebrovascular fibers is more diverse. Possible sources in the rat include the sphenopalatine, otic, and internal carotid ganglia (Hara et al., 1985; Suzuki et al., 1990) . Pharmaco logical agents have been employed to elucidate the role of cholinergic vasodilator mechanisms in the brain. Cholinergic vasodilator fibers are associated with muscarinic receptors on cerebral vessels (Es trada and Krause, 1982) , and cholinergic vasodila tion of cerebral vessels can be blocked by the mus carinic receptor antagonist, atropine (Kuschinsky et al. , 1974; Edvinsson et al., 1977; Scremin et al., 1982) .
In addition to the parasympathetics, cerebral ves sels may also receive cholinergic innervation from neurons intrinsic to the brain. A major source of cholinergic fibers in rat cerebral cortex is the ipsi lateral nucleus basalis magnocellularis (NBM) in the basal forebrain (Wenk et aI. , 1980; Johnston et aI. , 198 1; Houser, 1985) . The basal forebrain has been shown to mediate increase in CBF produced by stimulation of the rat fastigial nucleus (Iadecola et aI. , 1983) , and thus may also play a role in SNS induced vasodilation. Although NBM stimulation elicits an increase in CBF of the parietal cortex in rats (Adachi et aI., 1990) , it is not known whether the NBM directly innervates the cerebral vascula ture, or is involved in metabolic vasodilation as part of cortical activation pathways.
To elucidate further the mechanisms underlying somatosensory evoked cerebrovasodilation, we ex amined the effects of (a) acute superior cervical ganglionectomy, (b) administration of atropine, and (c) NBM lesioning on pial arteriolar vasodilation in hindlimb sensory cortex during SNS. We lesioned NBM by stereotactic injection of the excitotoxin, ibotenic acid. Ibotenic acid causes selective neuro nal degeneration without affecting axons of passage and without resulting in neuronal damage distant from the actual lesion locus (Guldin and Marko witsch, 198 1, 1982) .
MATERIALS AND METHODS
Thirty adult male Sprague-Dawley rats weighing 350-400 g were initially anesthetized with 1.5% halothane, tracheostomized, immobilized with tubocurarine chloride (1 mg/kg i. v.), and mechanically ventilated. End-tidal CO2 was continuously recorded and small volumes (0.2 m!) of arterial blood were periodically withdrawn to mon itor PaC02, Pa02, and pH. Anesthesia was maintained by intraperitoneal injection of a-chloralose and urethane (50 and 600 mg/kg, respectively). The right femoral artery and vein were cannulated for recording the MABP and for intravenous administration of drugs. The average MABP and blood gas values (mean ± SD) were as follows: MABP = 123 ± II mm Hg, Pa02 = 131.6 ± 14.7 mm Hg, Paco2 = 35.2 ± 1.5 mm Hg, and pH = 7.42 ± 0.03. A closed cranial window was implanted over the right pari etal somatosensory cortex, utilizing the bregma for local ization (Morii et aI., 1986) . Artificial CSF was superfused under the window and the intracranial pressure (ICP) was kept constant at 5 mm Hg by adjusting the level of the outlet tube. Sciatic nerve stimulation was performed as described previously (Ngai et aI., 1988) . In brief, the con tralateral sciatic nerve was isolated, cut proximal to the bifurcation into the tibial and peroneal nerves, placed on a pair of silver electrodes, and bathed in a pool of warm mineral oil. The pial circulation in the region representing the hindlimb was visualized with a microscope and a video camera system. A dimensional analyzer was uti lized to measure the diameter of pial vessels chosen from the hindlimb area during stimulation of the contralateral sciatic nerve. The sciatic nerve was stimulated with rect-angular pulses of 0.2 V intensity, 0.5 ms duration, and at a rate of 5 Hz for 20 s. These parameters were chosen to optimize vessel response without affecting the systemic blood pressure (Ngai et aI., 1988) . The percent increase in the control diameter and duration were calculated in each animal as described previously (Ngai et aI., 1988; Ko et aI., 1990) .
The changes in arteriolar diameter induced by SNS were measured before and after three different interven tions: (a) right superior cervical ganglionectomy, (b) ad ministration of atropine, and (c) NBM lesion.
Sympathectomy
In this group of rats, the right cervical ganglia were exposed after midline cervical incision and encircled with fine sutures (4-0) for subsequent evulsion. Acute sympa thetic denervation of superior cervical ganglia was recog nized by homolateral myosis and ptosis.
Atropine application
We first examined the efficacy of atropine muscarinic blockade on acetylcholine-induced vasodilation. The ves sel diameter was measured after superfusion of mock CSF alone and after superfusion of CSF containing 10-5 M acetylcholine. Superfusion was performed at 0.25 mil min for 10 min. After measurement of the vessel diame ter, mock CSF was superfused to flush out acetylcholine. Atropine (0.5 mg/kg) was administered intravenously, and the effect of 10-5 M acetylcholine on pial arteriolar diameter was again tested by superfusion.
In a second group of rats, we studied the effect of at ropine on pial vasodilator responses to SNS before and after atropine administration. In addition to intravenous injections (0.5 mg/kg), we also applied atropine (10-5 M) topically by superfusion (0.25 mllmin for 10 min).
NBM lesion
A Hamilton syringe needle was stereotactically di rected into the right NBM (0.8 mm posterior to the bregma, and 2.6 mm lateral and 6.8 mm ventral to the cortical surface with the incisor bar set at 13.3 mm) of the basal forebrain and I f.LI of ibotenic acid (25 nmolll f.LI of saline) was injected slowly into the nucleus. In order to bypass the cranial window and the sensory cortex, we inclined the needle by 30°, and adjusted the stereotactic coordinates. One to 3 weeks after the injection of ibotenic acid, the rats were implanted with cranial windows and vascular responses studied during SNS. Control rats re ceived I f.LI of saline injections into the NBM, and were studied in the same manner.
We measured the cortical evoked response during SNS. As previously described (Ngai et aI., 1988) , cortical potentials were monitored monopolarly with a silver elec trode through an open window. Consecutive signal sam ples, triggered by a stimulator, were recorded and aver aged with a TECA Sensor EP-40 evoked potential system with a band frequency of 3 Hz and 3 kHz. We analyzed the NJ wave as described previously (Ngai et aI., 1988) . We next determined the pial response to SNS. In addi tion, we also determined the pial vessel response to hy percarbia in each animal. As described previously (Morii et aI., 1986 (Morii et aI., ,1987 , hypercarbia was achieved by ventilat ing the animals with 5% C02130% 02165% N2 mixture for 2-3 min. The CO2 response was calculated as follows: % change in pial arteriole diameter/mm Hg change in Paco2 (Ibayashi et aI., 1988) .
At the completion of each experiment, the brain was perfused and fixed with 10% buffered neutral formalin through a 16-gauge needle placed into the left ventricle of the heart. The fixative was infused for 20 min at a perfu sion pressure equivalent to the MABP in each animal. Brains were removed and postfixed in 30% sucrose formalin for 3 days. After embedding, 40 fJ-m thick coro nal brain slices were prepared and stained with cresyl violet for histological verification of the lesion and ace tylcholinesterase. Sensory cortex cholinergic denervation was quantitated by determining the acetylcholinesterase optical staining density using a Drexel DUMAS micro computer image analysis system (Xenix V2.0 software; IBM PC AT computer).
All values were expressed as mean ± SD and paired or unpaired Student's t tests were performed.
RESULTS

Effect of acute superior cervical ganglionectomy
At low stimulus frequency (5 Hz) and intensities (0.2-0.3 V), SNS caused pial arterioles to dilate in a characteristic pattern (described in detail by Ngai et aI., 1988) , manifesting a rapidly rising peak and a slower decline. As illustrated in Fig. 1 , pial arteri oles dilated in response to SNS by 44.3 ± 24.8% of the resting diameter for a duration of 24.9 ± 2. 5 s. Superior cervical gangionectomy did not signifi cantly affect this response. The blood pressure re mained stable in both groups during SNS. In addi tion, the resting diameter, MABP, and arterial blood gas values did not change before and after denervation.
Effect of atropine
Before determining the effect of atropine on the arteriolar response to SNS, we first examined the effect of topical acetylcholine on pial arteriolar di ameter before and after intravenous administration of atropine (0. 5 mg/kg). Atropine alone did not af fect the resting vessel diameter. As shown in Fig. 2 , topical application of 10-6 M acetylcholine caused the pial arteriolar diameter to increase by 5.4 ± 2. 4% (resting diameter of 39.3 ± 6. 6 jJ-m, n = 9). Intravenous administration of 0.5 mg/kg of atro pine, however, completely blocked the acetylcho line-induced vasodilation.
We next determined the effect of simultaneous intravenous administration (0.5 mg/kg) and topical application (10-5 M) of atropine on the arteriolar response to SNS. As can be seen in Fig. 3 , there was no significant difference in response in either maximal diameter increase or duration of arteriolar vasodilation. The vessel diameter was not signifi cantly altered after atropine application. Physiolog ical parameters before and after administration of atropine remained stable.
Effect of NBM lesion
Cresyl violet-stained brain sections of all rats in the lesioned group showed discrete lesions in the region of the right nucleus basalis. The acetylcho linesterase optical density was significantly (p < 0. 05) decreased by 29. 3 ± 12.2% (n = 7) in sensory cortex ipsilateral to the NBM lesions, compared to the contralateral unlesioned side. Sham-operated (saline-injected) animals had no significant decrease in staining intensity (0. 5 ± 5.4%, n = 4).
Normal SNS-induced evoked potentials were ob served in the hindlimb sensory area in all rats, in dicating the lack of damage in the primary sensory pathway in both the ibotenic acid-and saline treated animals.
As shown in Fig. 4 , there was no significant dif ference in the pial arteriolar response to SNS in ibotenic acid-treated animals compared to saline treated animals. Moreover, the pial arteriolar sen sitivity to hypercarbia did not vary significantly be tween the ibotenic acid and saline groups (2. 0 ± 0.5%/mm Hg versus 2.0 ± 0.2%/mm Hg). Physio logic parameters were stable and were similar in the ibotenic acid-and saline-treated animals. Both the % increase in the control diameter during SNS (left) and duration (right) showed no significant difference (p > 0.05) before and after superior cervical ganglionectomy.
The resting diameter (26.7 ± 3.3 ILm, n = 5) did not change after ganglionectomy. Each column and bar shows mean and one SD. 
DISCUSSION
In the present study, we found that neither acute superior cervical ganglionectomy, muscarinic blockade by atropine, nor NBM lesioning with ibotenic acid had an effect on the pial arteriolar va sodilation response during SNS. Our results, there fore, provide evidence that sympathetic and cholin ergic nerves do not play an important role in the control of the pial circulation during physiologic ac tivation of the cerebral cortex.
Cerebral cortical vessels receive innervation from sympathetic fibers that originate predomi nantly from the ipsilateral superior cervical ganglia (Nielsen and Owman, 1967; Mueller et aI., 1977) . The role of sympathetic innervation in the cerebral circulation is controversial (Heistad and Marcus, FIG. 3. Effect of administration of atro pine on the response of pial arterioles during sciatic nerve stimulation (SNS). Both the % increase of the control diam eter during SNS (left) and duration (right) showed no significant difference (p > 0.05) before and after administration of atropine (0.5 mg/kg Lv.). The resting di ameter (30.9 ± 3.6 ILm, n = 5) did not change after administration of atropine. 1978; Purves, 1978) . Acute cervical sympathectomy in the baboon has been reported to increase the CBF at normal and elevated levels of arterial pres sure (James et al. , 1969) . In contrast, Mueller et al. (1977) found in the dog that acute and chronic uni lateral sympathetic denervation of cerebral vessels did not increase ipsilateral CBF during normo-, hypo-, and hypertension. In the mouse, the cerebral blood volume was found to remain unchanged dur ing the first 6 h postoperatively (Edvinsson et aI., 197 1) . In our study using the rat, acute superior cervical ganglionectomy did not affect the resting pial arteriolar diameter or pial vasodilation caused by SNS.
On the other hand, there has been much contro versy regarding the origin of parasympathetic inner vation of the cerebral vasculature. The greater su perficial petrosal nerve (GSPN), a branch of the facial nerve, was first suggested as a predominant pathway of parasympathetic cerebrovascular fibers (Chorobski and Penfield, 1952) . Subsequently, the sphenopalatine ganglion, which receives pregangli onic fibers from the GSPN, was implicated as the major source of cholinergic innervation of cerebral vessels (Hara et aI. , 1985) . However, Hara et al. (1989) recently demonstrated that the sphenopala tine ganglion gives rise to only a portion of cerebro vascular cholinergic neurons. Other ganglia, includ ing the otic and internal carotid, may also be in volved (Suzuki et aI. , 1990) .
Muscarinic receptors are associated with cholin ergic terminals on cerebral vessels (Estrada and Krause, 1982) . Dilation of cerebral vessels pro duced by cholinergic agents is inhibited by atropine both in vivo (Kuschinsky et aI., 1974; Aubineau et aI. , 1980) and in vitro (Edvinsson et aI., 1977) . Al though nicotinic receptors exist in brain tissue (Clarke et aI. , 1984) , there is a lack of evidence for a nicotinic mechanism in cholinergic vasodilation of cerebral vessels. Cholinergic cerebrovasodilation 
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induced by intravenous administration of physostig mine, a cholinesterase inhibitor, is blocked by atro pine but not by a nicotinic receptor blocker (Scremin et aI. , 1982) . Because of uncertainty concerning the origin of cholinergic nerves, we further examined the cere brovascular response before and after blockade of muscarinic cholinergic receptors by atropine. Pre vious studies by Aubineau et al. (1980) and Busija and Heistad (1982) have indicated that a sufficient dose of atropine to block peripheral cholinergic transmission is 0. 1 to 0. 5 mg/kg i. v. In the present study, we used 0. 5 mg/kg i. v. of atropine, which completely blocked the acetylcholine-induced va sodilation. This dosage of atropine did not alter the resting diameter. Moreover, neither intravenous nor topical atropine affected vasodilation caused by SNS, showing that a muscarinic mechanism is not involved.
Another possible source for cholinergic innerva tion of cerebral vessels is intrinsic cerebral neurons. The majority of cholinergic fibers in rat cerebral cortex are derived unilaterally from neurons in the NBM (Wenk et aI., 1980; Johnston et aI. , 198 1) . Potentially, this cholinergic pathway is important for controlling cortical vasodilation. Reis and asso ciates (Nakai et aI., 1982; Arneric et aI. , 1987) have described a model of neurally mediated global in crease in CBF following electrical stimulation of the rat fastigial nucleus. Since ablation of the basal forebrain (NBM) blocks this vasodilative response, Iadecola et al. (1983) concluded that cholinergic projections from the forebrain to the cortex may mediate the response to fastigial stimulation. How ever, the role of NBM pathways in regulating re gional changes in CBF in response to peripheral stimulation (i.e. , SNS) is unclear. The results of the present study indicate that ibotenic acid lesions of the NBM caused significant cholinergic denervation of sensory cortex but did not affect either the nor mal pattern of regional pial arteriolar vasodilation or evoked response in hindlimb sensory cortex fol lowing SNS. Moreover, pial arteriolar CO2 re sponses were not impaired by the lesions. These findings suggest that NBM lesions causing cholin ergic denervation of cerebral cortex do not affect the regional changes in CBF that occur following SNS. NBM projections, therefore, are probably not involved in the regulation of CBF associated with a local increase in cortical activity.
In addition to sympathetic and cholinergic fibers, cerebral vessels are innervated by peptidergic neu rons that release a variety of vasodilative agents including vasointestinal peptide (VIP), peptide his tidine isoleucine (PHI), tachykinins (e. g. , substance P), and calcitonin gene-related peptide (CGRP) (Busija and Heistad, 1984; Edvinsson, 1987) . VIP may also be colocalized in parasympathetic vasodi lator nerves (Hara et al., 1985) . The roles of these vasoactive peptides were not investigated in the present study. Thus, further studies are needed to ascertain whether there is a neurogenic component in cerebral vasodilation induced by sensory stimu lation. On the other hand, we have hypothesized that metabolic activity in the cerebral cortex in creases in response to SNS, and a metabolic fac tor(s), such as adenosine, is released to induce ce rebral vasodilation (Ngai et aI. , 1988; Ko et aI., 1990 ).
Because regional CBF is closely linked to local brain metabolism (Sokoloff, 1977) , regulation of the cerebral circulation may be mediated by the prod ucts of metabolism. Earlier studies have suggested that adenosine may function as a metabolic regula tor coupling CBF to brain metabolism (Winn, 1981) . Recently, we found that theophylline, an adenosine receptor blocker, attenuated the pial vasodilation to SNS, whereas dipyridamole and inosine, which block the uptake of adenosine, potentiated the SNS response (Ko et aI., 1990) . The present results, showing that sympathetic and cholinergic innerva tion were not required for SNS-evoked vasodila-tion, are consistent with such a metabolic hypoth esis.
In summary, the present study indicates that acute sympathetic denervation or muscarinic recep tor blockade did not affect the resting pial arteriolar diameter nor pial vasodilation caused by SNS. Moreover, a normal arteriolar response to SNS was observed after NBM lesion in the basal forebrain, showing that subcortical cholinergic neurons did not play a significant role in regulating CBF changes that accompany normal physiologic activation of cortex.
